Abstract. In this paper Genetic Algorithm (GA) is used as an evolutionary tecthniques for the optimal placement of flexible AC transmission systems (FACTS) devices in an interconnected power system. Here two types of FACTS devices has been discussed nemely, Thyristor Controlled Series Capacitor (TCSC) and Static Var Compensator (SVC) for the economic operation and to reduce the transmission loss. Reactively loading of the system is taken from base to 200 % of base loading and the system performance is observed without and with FACTS devices. Optimal placement of FACTS devices in the system is determined by calculating active and reactive power flow in lines. FACTS devices along with reactive generation of generators and transformer tap setting are used for the power transfer capacity using GA. The proposed approach is applied on IEEE 14 and IEEE 30-bus test systems. Finally the effectiveness of the proposed GA based method of placement of FACTS devices is established by comparing the results with another standard method of optimization like Particle Swarm Optimization (PSO) technique.
Introduction
Due to increase in power demand, restriction on the construction of new lines, environment, unscheduled power flows in lines creates congestion in the transmission network and increases transmission loss. Maintenance of bus voltages and line loads within predefined limits is one of the challenging tasks in an interconnected power system. Effective control of reactive compensation on weak nodes improves voltage profile, reduces power loss and improves both steady state & dynamic performance of the system.
Power flow through an ac transmission line is a function of line impedance, the magnitude and the phase angle between the sending end and the receiving end voltages. With the development of FACTS devices both the active and reactive power flow in the lines can be controlled. The concept of flexible AC transmission system (FACTS) was first introduced by Hingorani [1] . FACTS devices are solid-state converters having the capability of control of various electrical parameters in transmission circuits.
Sensitivity analysis and linear programming technique for the optimal location and size of Static Var Compensator (SVC) in a power system is discussed in [2] . Optimization techniques are widely used in the field of technology. Optimal placement of Thyristor Controlled Series Capacitor (TCSC) for increasing loadability and minimizing transmission loss by Genetic Algorithm (GA) is discussed in [3] . Optimal reactive power dispatch along with the setting of switchable series & shunt FACTS devices is presented in [4] . Optimal placement of Var sources by loss sensitivity based method is presented in [5] . A hybrid Genetic Algorithmic approach with FACTS devices for optimal power flow is dealt in [6] .
Solution of optimal power flow using GA is presented by Osman et al. in [7] . Authors have discussed Genetic Algorithm based approach for the placement of different types of FACTS devices in [8] . Computational Intelligence based algorithm is presented in [9] to determine the optimal placement and parameter setting of TCSC for enhancing the security of power system under single line contingency.
Concept of comutational intelligence technique using FACTS controller is applied in [10] for the loadability enhancement in a restructured power system. In [11] GA based technique is discussed for the placement of FACTS devices in some test systems. Das et al. in [12] applied GA to minimize active power loss in a radial distribution network using SVC. About the modelling and selection of possible locations for the installation of FACTS devices have been discussed in [13] . An op-timization method is used in [14] that combines the reliability and the efficiency of radial power distribution systems to reduce the active power loss, through a process of network reconfiguration. Effect of implementation of Genetic Algorithm for the determination of locations and size of the FACTS controller is discussed in [15] .
Nomenclature:
• X Line : reactance of line,
• S: operating range of FACTS devices,
• C Total : total cost of system operation,
• C 1 (E): cost due to energy loss,
• C 2 (F): total investment cost of the FACTS Devices,
• P min ni , P max ni : lower and upper limit of nodal active power in the i-th bus respectively,
• P ni , Q ni : nodal active and reactive power output of the i-th bus respectively, • Q gi : output of existing nodal reactive capacity in the i-th bus,
• P Gi , Q Gi : active and reactive power generation in the i-th bus respectively,
• P Di , Q Di : active and reactive power consumed by load in the i-th bus respectively,
• P i , Q i (inj): real and reactive power flow change takes place at the node i due to TCSC connected to a particular line between the nodes i & j,
• Q iL (inj): reactive power injection due to SVC,
voltage of i-th and j-th bus respectively,
• N: number of lines,
• G ij , B ij : real and imaginary part of admittance between buses i & j respectively,
: current velocity of agent i at previous generation,
• w : weight function for velocity of agent i,
• rand: is the random number between 0 and 1,
: current position of agent i at previous generation,
• C i : weight coefficient for each term,
• p besti : pbest of agent i,
• g besti : gbest of agent i.
FACTS Devices

FACTS Devices & Cost Functions
Two types of FACTS devices namely thyristor controlled series capacitors (TCSC) and static VAr compensators (SVC) are used in the transmission network:
• TCSC: By modifying the line reactance TCSC acts as either inductive or capacitive compensator.
The maximum value of the capacitance is fixed at −0.8X Line and 0.2X Line is the maximum value of the inductance.
• The SVC can be operated as either inductive or capacitive compensation. It can be modeled as a fixed capacitor and a thyristor controlled reactor. So the function of the SVC is either to inject reactive power to the bus or to absorb reactive power from the bus where it is connected.
According to [18] , cost functions for SVC and TCSC are given below:
• TCSC:
• SVC:
Here, S is the operating range of the FACTS devices.
Optimal Placement of FACTS Devices
Having made the decision to install a FACTS device in the system, there are three main issues that are to be considered: types of device, its capacity and location. The decision where they are to be placed is largely dependent on the desired effect and the characteristics of the specific system. SVC's are mostly suitable when reactive power flow or voltage support is necessary. Also the costs of the devices play an important role for the choice of a FACTS devices. There are two distinct means of placing a FACTS device in the system for the purpose of increasing the system's ability to transmit power, thereby allowing for the use of more economic generating units. That is why FACTS devices are placed in the more heavily loaded lines to limit the power flow in that line. This causes more power to be sent through the remaining portions of the system while protecting the line with the device from being overloaded. This method which sites the devices in the heavily loaded line is the most effective. If reactive power flow is a significant portion of the total flow of the limiting transmission line, either a TCSC device in the line or a SVC device located at the end of the line that receives the reactive power, may be used to reduce the reactive power flow, thereby increasing the active power flow capacity.
The Proposed Approach
Here the main objective is to minimize the transmission loss by incorporating FACTS devices at suitable locations of the transmission network. Inclusion of FACTS controllers also increase the system cost. So, optimal placement of FACTS devices is required such that the gain obtained by reducing the transmission loss is significant even after the placement of costly FACTS devices. Installation costs of various FACTS devices and the cost of system operation, namely, energy loss cost are combined to form the objective function to be minimized. The optimal allocation of FACTS devices can be formulated as:
where C 1 (E) is the cost due to energy loss and C 2 (F) is the total investment cost of the FACTS devices. Subject to the nodal active and reactive power balance:
and voltage magnitude constraints:
and the existing nodal reactive capacity constraints:
Superscripts min, max, are the minimum and maximum limits of the variables. The power flow equations between the nodes i-j after incorporating FACTS devices would appear as:
• TCSC: (11) • SVC: (12) These changes in the power flow equations are taken into consideration by appropriately modifying the bus admittance matrix for execution of load flow in evaluating the objective function for each individual population of generation of both Genetic Algorithm (GA) and Particle Swarm Optimization (PSO) based optimization technique. In the proposed approach combined effect of SVC & TCSC is tested. Simultaneous use of shunt (SVC) and series (TCSC) FACTS controller has a better effect than if either of the FACTS controller used singly. We only can connect SVC at buses where reactive injections are required and also there is a limit of a number of SVC's that can be connected to a particular system. Similarly, modifying line reactance helps greatly in reducing line loss & improving overall system performance. Application of series & shunt combination of FACTS controller on a standard system is analyzed in the present work. We have taken only one number of TCSC and three number of SVC's in IEEE 14 bus system & four numbers of TCSC's and four numbers of SVC's in IEEE 30 bus systemfor the purpose of analysis in the present problem. The number of FACTS controller depends also on the size of the system. Maximum value of SVC is taken as 50 MVAr & maximum value of TCSC is taken as 10 MVAr in the present problem. Fig. 1 shows a flowchart for the proposed approach.
Genetic Algorithm in the Proposed Method
The function of the GA is to find the optimum value of the different FACTS devices. Here two different types of FACTS devices are used. The locations for the placement of different FACTS devices are determined on the basis of power flow analysis. TCSC's modifies reactance of the lines and SVC's are to control reactive injection at buses.
In addition transformer tap positions along with reactive generations of the generators are controlled. In IEEE 14 bus system there are three transformer tap positions and four generator buses while in IEEE 30 bus system there are four transformer tap positions and five generator buses. So, as a whole all the controlling parameters are to be optimized by Genetic Algorithm [19] . These controlling parameters is represented within a string. This is shown in Tab. 1 for IEEE 14 bus system and in Tab. 2 for IEEE 30 bus system. Initially a population of N strings is randomly created in their limits. Then the objective function is computed for every individual of the population.
A biased roulette wheel is created such a way so that the parameter values are selected according to their fitness obtained after computing the objective function for all the individuals of the current population. Thereafter the usual Genetic operation such as Reproduction, Crossover & Mutation takes place. Two individual are randomly selected from the current population for reproduction. Then crossover takes place with a probability close to one (here 0.8).
Finally mutation with a specific probability (very low) completes one Genetic cycle and individuals of the same population with improved characters are created in the next generation. The objective function is then again calculated for all the individuals of the new generation and all the genetic operations are again performed and the second generation of the same population size is produced. This procedure is repeated till the final goal is achieved. The population size is taken as 80 & GA is run for 100 generation.
PSO Approach in Brief
Particle swarm optimization (PSO) is a population based stochastic optimization technique developed by Dr. Eberhart and Dr. Kennedy in 1995, inspired by social behavior of bird flocking or fish schooling.
A population is initialized of random feasible solutions and searches for optima by updating generations. In PSO, the potential solutions, called particles have their own positions and velocities move in the search space of an optimization problem by following the current optimum particles. Each particle tracks its own best position found so far in the exploration and each particle searches for better positions in the search space by updating its velocity. The movement of each particle naturally evolves to an optimal or near-optimal solution.
The position of each agent is represented by XY-axis position and the velocity (displacement vector) is expressed by Vx (the velocity along X-axis) and Vy (the velocity along Y-axis). Modification of the agent position is realized by using the position and the velocity information. The behavior of particles in PSO is shown in Fig. 2 .
Each agent or particle knows its best value so far (pbest) and its x, y position. Each agent knows the best value so far in the group (gbest) among pbests. Each particle tries to modify their position using the following information:
• the current positions (x, y),
• the current velocities (Vx, Vy),
• the distance between the current position and pbest,
• the distance between the current position and gbest.
The basic equation for the optimization of nonlinear functions using particle swarm optimization technique is:
where w is updated at each iteration: Here w max = 0.9; w min = 0.4; gen max = 500 and gen = current iteration; C 1 and C 2 are set to 2.0.
In PSO, the gbest particle always improves its position and finds the optimum solution and the rest of the population follows it. String representing control variables using PSO are shown in Tab. 1 and Tab. 2.
Results and Discussions
After detecting the locations of FACTS devices by power flow analysis it becomes necessary to determine their magnitudes. It is also to be noticed that no FACTS device is connected in line 1 because of the fact that it is in between bus 1 and bus 2 though it carries very large active power. Bus 1 is the slack bus and already a FACTS device regulates the voltage of the bus 2. Again in any line or in a bus connected to the line, only one FACTS device can be placed. Tab. 4 & Tab. 5 shows that transmission loss is reduced in a considerable amount with the FACTS devices connected in different loacations of the network, as a result operating cost reduces significantly. This effect is observed with different sets of loading values. Hence benefit in terms of saving using both GA & PSO is observed in each cases of loading for both systems as shown in Tab. 8 & Tab. 9. Here, energy cost is taken as 0.06 dollar/kWh. Fig. 7 and Fig. 8 shows a single line diagram for IEEE 14 & IEEE 30 bus test system respectively. The results obtained by the GA based method is compared with other standard optimization approach like PSO. It is observed that though PSO yields comparable solution with GA in minimizing transmission loss and transmission cost in the case of IEEE 14 bus system, but in larger test system as in IEEE 30 bus system PSO fails to yield a satisfactory result as GA in all cases of loading.
Conclusion
Here Genetic Algorithm (GA) based approach for the placement of FACTS devices and simultaneous control of existing reactive sources is presented. Two different types of FACTS devices are considered. It is clearly evident from the results that effective placement of FACTS devices in proper locations along with the proper planning of existing reactive sources by using suitable optimization technique can significantly improve system performance. Also it is significantly noticeable from the results that the FACTS devices can be an alternative to reduce the flows in heavily loaded lines, resulting in an increased loadabilty, low system loss, improved stability of the network. Particle Swarm Optimization (PSO) based algorithm is developed for the purpose of comparison with the GA based approach. But GA based approach is more effective in minimizing the total operating cost, transmission loss than PSO based approach. Hence this GA based approach could be a new technique for planning of the existing reactive sources and efficient utilization of FACTS devices for improved power transfer.
